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Physi ta1･En vir o n m e nts of Br a ck ish IJ ake s.
a nd■
T idal R 土v e r s
Putting Empha sis o n In te r n al Os ci lla tio n s
Se t su o Oku da(辛)
* Fa c ulty of Scie n c e, O ka ya En aUniv e r sity of Scie n c e
A bs tr a ct
ln br a ckish lake s a nd tida l riv e r s Whe r e a 5ta b le str atific a -
tio n with a sha rp halo cl in e u s u al ly e xis ts , a char a cte ris ti⊂ a qu a -
t土c e n vir o n m en t o fte n ap pe a r s. On e of s e r土o u 5 e n V土r o n m e ntal pr ob -
le m s is an appe a ra n c eof a n o xic w at e r m a s s in the lo w e rla ye r at
the s e w ate r r egio n s e spe く:ially in 5 u m er be c au se of w e ak v e rtic al
mi⊃くin g a nd a ctiv e di5 5 01v ed o xy ge n c o n s u mptio n .
In s u ch cir c u m sta n c e s
,
in te r n al o s ci l lation s fr e qu e ntly o c c u r
du e to
a n O X I C
a qu atic
T he n
土n 工.ake
ti de o r/a nd wind a nd brin g a bo ut a n a ctiv e m o v e m e nt of a n
w ate r m a s s土n the lo w e rla y e r , a nd af fe cts s e rio u sly the
e nv ir o n m e nt the r e.
I s tud ied physic al pr o c e s s e s of the in te r n al o s cil latio n s
Naka u mi a nd T he R iv e r O ha sh i a nd fo u nd that the o s ci L li -
tio n s with a fe w m ete r a mpl itude fr eqtユe ntly o c c ur a nd pr opa ga te
a s in t e r n al Relvin w a v e sin the‾ lake a nd the わs cil la tio n s s o m e-
tim e s ca u s e a n o xic w ate r in tr u sio n s thr o ugh the O ha 5h i R iv e r in to
Lake Sh ln コ1 .
1 . In tr odu ctlo n
工n Ja pa n. the r e a r e m a Tly br a ckish lake s a nd tidal riv e r s whe r e
a sta ble st r ati fic atio n with tユp pe r fr e sh w ate r a nd lo w e r s alin e
w ate r c a u s e s ape cu lia r aqu at ic e n vir o n m e nt ･
The aiErLO f th is pr e s e nt a t io n is t o cla r ify the physic al c ha r a c
-
te ristic s of br a ck is h lake s an d ti dal riv ers pu tt in g e mpha sis o n
in te r n al o s ⊂i l la tlo n s a nd their ef fe ct s o n aq11at土c e n vir o n m e nts .
ou r study f ield is a spe cia l e st u a rin e r egio n c o n sistin g of
La ke Na ka u mi, the Oha 5hi R iv e r a nd La ke Sh inj1 , Whe r e the s alin e
w at e r fr o m the Se a of Ja pa n a nd fr e sh wa te r s fr om m a ny riv e rs
inf lo win g in to the lake s c o nta ct a nd mix u nde r v a rio u s m ete o r o
-
lo gic al a nd hydr ologi⊂ al c on d itio n sI T his w ate r r egio n is cha r a c
-
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te ri2;ed
e x c ept
s tr o ng
T he
be tw e e ∩
by s ta b le de n sity s tr atl fica t土o n with a sha rp ha lo cl土n e ,
u nde r e xtr a o rdin a ry c o nditio n s s u ch a s v e ry la rge f lo od o r
w in d .
s t a b le str atifi占a tio n brin gs abo ut w e ak v e rtic al m ix in g
the up pe r fr e s h w ate r an d lo w e r s alin e w ate r a nd s up r e s e s
the do w n w a rd tr a n spo rt o f d is s olv ed o xy ge n . This oft e n c a u s e s
a n o xi⊂ s t a te s in the lo we r 5 al in e la ye r , e spe cial ly in s u m m e r
the o xy ge n c o n s u mptio n r ate be c o m e s v e ry la rge o win g t o
a ⊂tlv e che mic al a nd b io lo gic al pr o c e s s e s. T h is a n o xi⊂ s ta te
the lo w e r la ye r c o ntr ols the aqu atic e n vir o n m e nt the r e,
e x a mple , it af fe ct s f ishe s a nd s e rio u sly impair s t he gr o wth
W he n
the
土n
fo r
of
be nth ic o rg a ni5 Zn S St3LCh a s shel ls a nd s e a w e eds . The a n o xic w at e r
m a s s do e s n ot s ta nd 5 ti l l in the lo v e rlaye r, bu t u s u al ly m o v e s
abo ut c o r r e spo nd in g to ti de s, riv e r d is cha rge s a nd win d b lo win g s I
T he r efo r e, it is v e ry imp o r ta nt. fo r u s to in v e stiga te the o c c u-
r r e n c e an d m o v e m e nt of the a n o コくic w ate r m a s sin the e 5tu a rin e
r egio n s t o u nde r st a nd t heir ef fe cts o n the aqu atic e n vir o n n e nt s
both fr o m t he a c ade mi⊂ a nd pr a ct.ic al poin ts of vie w .
T he n in c olla bo r atio n with the f ishe rie s e コくpe rim e nta l
of S him a n ePr efe ct u r e, w e in v e stiga ted the cha nge s in the
bu℃io n of a n o x土c w ate r a nd the 土n te r n al o s ci l la tio n wh ic h
c o ntr ols the o c c u rr e n c e a nd m o v e m e nt of the a n o xi⊂ w ate r
the br a ck ish lake - Lake Naka u ni a nd the ti dal r iv e r - the
R 土v e r.
s ta tio n
d ls trl -
s tr o ngly
m a s s l n
O ha shl
2 . O bs e r v atio n Me thod
we obs e r v ed the d is tr i bu tio n 5 Df te mpe r atu r e(T), ele ctric c o ndu -
ctivity(E C) a nd dis s olv ed o xyge n c o n c e nt r atio n(D O) with m ulti
-
s e n s or in str u m e nt s fr o m a r e s e a r ch v e s s el s ai lin g a ro u nd t.he
r egio n s a s sho w n in F ig ･ 1 ･ T he obs e r v atio n r e s ults sho w a
S tab le s tr ati f ic atio n c o ns istin g o f a n up pe r laye r wit h a s ma l le r
de n sit y in sit u o t a nd a h ighe r D O a nd a lo w e r laye r with a
la rge r q 七 a nd a lo w e rD O･ T he D O C o n c e ntr a tio n in the lo w e r la y e r
be c a m ed v e ry lo w (n ea rly z e r o) du rin g s u n n e r, in du cin g s er io u s
c o nditio n s fo r l i fe fo r m s土n the lo w e r a nd be nt h ic la ye rs ･
Be sl de s the abo v e u s u.a l o bs e r v atio n m etho ds , w e ha v e de v elo p ed
a sim ple n e utr al bu oy t o d ir e ctly m e a s u r e the in te r n al o s ci1 1a
-
t土o n - a v e rtic al m o v e m e nt o f ha lo clin e whe r e e xis ts a sha rp
de n sity gr ad ie nt o win g to a la rge d i f fe r e n c eof s al inity be tw e e n
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the tユp pe r a nd lo w e rla ye r s. The w eight of
a dju ste d u sin g 5 n a 11 m etal bal la st to m ake t.he
the bu oy e qu al to tha t of the w ate r in the
o bs e r va tio n sta t io n . We s et the bu oy u sin g a
fo l lo w the v e rtical m o v e m e nt of the ha lo cl in e .
the , bu oy ,c o ul d be
a ppa r e nt de n sity o f
halo cl 土n e at the
tt10 0 rin g sy s te m to
3 . Re s ults a nd d is c u s sio n
We ha v e r epe ate d the f ield obs e r v atio n s in o u r study r e gio n s
s e v e r al
r e s ults
v at土o n
w ate r
O ha sh l
tim e s du rin g 199 4 t o 19 9 6, bu t w e w i l lsho w o nly m ain
a nd brie fly d is - 5 5the n , S ele ctin g the m o st r e ce nt obs e r-
r e 5 ults abo ut
in Lake Na ka u 皿i
R Iv e r.
the d ist ri bu tio n s and m o v e m e nt s of a n o xic
a nd the lntr u slo n of a n o xlc v at e r 土n to m e
3 . 1 T he o c c u r r e n c e of
Na ka u n i
T he o cc u r r e n c e of a n
du rin g s u m e r s e a s o n s
r e s ults of the f 土she r土e s
a n a n o xic 5 ta te in the lo w e r laye r of Lake
a n o ⊃くic sta t e in the lo we r la
r
ye r of Naka umi
ha s be e n wel l kn o w nfr o ntthe obs e r v atio n
e 耳pe rim e nt s ta tio n of Shim a n ePr efe ctu r e.
T he m ain c a u s e s a r ethe bo tto m t opo gr aphy (a de ep de pr e s sio n in
¶aka u ml), a stab le str ati f 土c at土o n with a sha rp halo clin e ,
la rge o xy ge n ⊂ o n s u mptio n r ate in s u m m er in the lo w e rla ye r .
Be si de s the v e rtic al d is tri bu tio ns of D Oc o n c e ntr at io n s
.
d im e n sio n al d ist r ibut･io n of D Oa nd their te mpo r al cha ng e s
o bta in ed fr o m a r e c e nt obs e r v atio n by a K ink i Univ e r sity
(1 9 97) . T h is r e s ults illtl St r ate. t ha t a n in o xic w ate r m a s s
a ppe a r s in the s o uthe a ste r n re gio n of the lake a nd e xpa nds
the w e ste r n r egio n alo ng the la ke bo tto m . T he s alin e w ate r
fr o m Na ka u r a w ate r w ay int, o Lake Naka tユmi a nd 5 pr e ads in to
c e ntr al ba sin alo ng the lake bo t to m tak in g a fo r m of
c u r r e nt , a nd afte r a r rivin g at the w e ste r n bo u nda r y - the
a nd a
thr ee
W e r e
Gr o up
f 土r st
to w a rd
inflo w s
a wi de
de n sity
e xit of
T he Oha sh i R iv e r, the W ate r is e ntr ain ed in to the u p pe r la y e r
with a je t f lo w fr o m the riv e r a nd r etu r n sto w a rd e a st thr o ugh
the up pe r la ye r .
=t s e e m sto take a lo ng tin e (m aybe abo ut te n da ys a nd n D r eby
s o m e e stim atio n fr o m n u m e ric al sim ulatio n a nd bu oy t r a cin g ) fo r a
w a te r ma s s
thr o ugh the
u p pe r la ye r .
f lu x of o xy ge n
to pa s s thr o ugh I,ake Na ka umi in f lo win g u ps tr e a m
lo w e r la y e r a nd o utf lo win g do w ns tr e a m thr o ugh the
Du riTlg this lo ng pa s s age pe riod, a sm a11 do w n w a rd
fr o m the up pe r la ye r a nd a la rge o xy ge n c o n s u mptio n
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r ate in t he lo w e rla y e r p r o m ote the r apid de c r e a s e of D Oc o n c e nt
-
r atlo n s 土n the lo w e rla ye r .
3 . 2 Int e r n al Os ci l la t土oh
工t 土s w el l kn o w ntha t a wind str e s s
s u rfa c e a nd a dr op of in te rfa c e be tw e e n
the le e w a rd s i de . Ou r si mple e stlm at土o n
r e v e als that in
d ir e ctio n br in g s
a nd a fe y m ete r s
of wind du e t o
spe ed of 7- 8n/s
La ke Naka umi
,
a 7 - 8m′s
c a u s e s a s et u p o f w at e r
tw o la ye r s - hal(⊃cl 土n e at
fr o m the t w o laye r m odel
Wind alo ng the e a st - w e st
abo ut a fe w c e nt土m ete r s s et u p of w at e r s urfa c e
dr op of the halo cl ln e le v el . Thu s a daily cha ng e
s e a a nd la Tld br e e z ein 5 um er With a n o rd in a ry
n ay brin g abo ut in te r n al o s ci l la tio n s With a n
a mpl itu de of a fe w m ete r s.
=n shal lo w co a sts With a 5 n a11 slo pe gr ad ie nt of the o rde r o f
1/10 0 0, a fe w m et e r ris e of the halo cl in e m ay c a u s e alo ng
z o nt al c r e epin g
k i lo m et e r s. T his
str o ng win d n ay
c o a sta l r eg l ロ Iー S 土 n
T he r efo r e, w e
Naka u mi abo ut the
u p o f h ighly s al in e a nd a n o >⊂ic w ate r o n
m e a n s t ha t a n inte r n al o s cl l la t土o n
ha ve a se rio us ef fe ct o n t.he b iolo gic al
br a ck i5h lake s .
in v e st iga ted the in te r n al o s ci l la tio n s･
o c c u rr e n c e c o nd 土七io ns , a mpl it ude s a nd
a T一d pr opa ga t in g s tyle of o sci l lato ry w a ∇ e 51 We s et the
ho ri -
a
du e
l i fe
fe w
to
o f
土n Lake
p e riods ,
n e utr a1
bu oys at the f iコこed 5 ta tio n苧 a S Sho w - in F ig ･ 1- a nd r e c o rde d the
v er tic al m o v e m en t of halo cl 土n e a nd the r e s ult s a r ec o mpa r ed with
the hc)u rly cha ng e s of v e rtic al d is tribu tio n s of de n sity in situ
q . (=[ p - 1]yE1 00 0, P :de n sity c alc ulat ed fr o m E C a nd T) a n d DO ･
The r e sult il lu str at e s tha t the le v el of ha lo cl土n e m e a s u r ed
fr o m t he n e utr al bu oy r e co rd w el l agr e e s With the le v el of the
la ye r with c o n st a nt de n si ty q {
= 1 0･ O a nd with c o n st a nt･ DO
= 3 ･ O
m g/i a nd 5 O the height of halo cl in e w ell c o r r e sp o nds to t he up pe r
bo u nda ry of the a n o xic w at e r m a s s with DO le s s tha n 3m g/1 ･
F ig . 2 sho w s the tim e s e rie s cha nge of wind v e cto r s･ w at e r
le v el
a nd ha lo clln e le v el (in t e r n al o s ci l la tio n) a nd 土t 土1 1u str ate s
tha t W ate r le v el cha ng e s c a us ed with tide of a mpl it ude abo ut a fe w
te ll C e ntim e te r s ha v e so m e c o r r elatio n w ith in te r n al o sc 土1 1a tio n
o nly at Pt ･ 3 n e a rfr o m the e ntr a n c e of tidal w a v er Na ka u r a w
a te r -
w ay , Als o it sho w s tha t t he in te r n al o s ci l la tio n s ha v e
a n in v e r s e
pha s e be t w e e n at Pt ･ l a nd Pt ･ 2 w h ic h a r e situ at
e d a t w e st e r n and
e a ste r n side s in the lake r e spe c tiv ely I T h is m e a n stha t the ha lo
-
c lin e le v el m o v e s upw a rd o r do w n w a rd c o rr e s po nd in g t o the win dw a rd
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o r le e w a rd s i de r e spe ctiv ely a s v e c an u nde r sta nd c o rELpa rin g
le v el m otio n with ho u rly c ha nge of Wind dir e ctio n in F ig . 2(a)
Fu rthe r m o r e
,
w e c o mpa r ed the pha s e d if fe r en c e s qf
o s ci l la tio n s be tw e e n n eibo u rin g s ta tio n s at Pt . 4, 5
a r e situ ate d a lo ng a str aight c o a stl in e at alm o st s a n e
Ito in ve stiga te the pr opa ga tin g s ta t e of the in te r n al
T he r e s ult is sho wn in Fig . 3 whic h i 11u str ate 5 tha t
to ry wa v e w a spr og r e s sin g With a c o ns a n t pr opa ga tio n
the
the in te r Tlal
a nd 6 w h ic h
w at e r dep th
o si l la tio n .
a n o s cil la -
s p e ed of 24
c m/s ･ T h 土s s■pe ed w el l c o土n c土de s wit h the o n e c alc ula te d fr o m the
e qu atio n fo r the in te r n al w a v epha s e sp e ed Ci w h ich is e xpr e s s ed
wit h the de n sity d if fe r e n c ebe tw e e nu p pe r a nd lo w e rla ye r s , a nd
e a ch th ickn e s s of bo th la ye r s .
Be si de s this obs e r v atio n r e s ult
, the c alc ula tio n of r otatin g
pr op ag a tio n sp e ed alo ng the pa th Pt _ 1 - >2 - >3 - > 1 r e ve als tha t
pe rio d of c irく: ula ting pr opa ga tio T-(abo ut 2 4hr s) is lo nge r
tha t of in e rt･ial pe riod (20 ･ 4hr s) a nd the pe riod o f 1.n te r n al
c a r e w a v e(1 7 hr s) . Fr o m the s e fa cts , w e c o n side r ed tha t the
e r n al o s ci l la tio n in L早ke Naka u mi p r op a ga te s a nticlo ckwis ely
in te r n al Kelvin w a v e.
the
tha n
Poin -
in t -
Fln al ly w e fo u nd tha t the 土n te r n al o s c土1 1at土o n is fir st c a us ed
m ainly by wind s t r e ss at the lak･e s u rfa c e
l
btlt the o s cil la t or y
n otio n p r opa ga te alo ng the whole lake c o a st a nt･iclo ckvis ely and
t he v e rtic al m o v e m e nt of halo cl in e wi th a la rge,a mplitu de o c cu r r s
土n a ny po in t n ea r t he c o a st 土n de pe nde ntly ｡)ど wind dir e ctio n whic h
de cide d the init･ia l dir e ctio n of o sc il la tin g a ⊃くis .
3 ･ Cr e epin g u p of a r)o Xic w at e r in to The Riv e r Oha shi
Fr eq u e ntly the s al in e a nd a n ox 土c w ate r m a s s c r e eps
R iv e r O ha si a nd s o m etim e s a r riv e s at Lake Sh inji. a nd
s o m e adv e r s e ef fe ct s o n the e n vir o n me nts in La ke Sh土nj土
T he n it is n e c e s s a ry fo r u s to in v e stiga te sp e cial
wh ic h m ay c a u s ethe 土n t r tl S土o n of t he a n o xic w ate r fr o m
u p in to T he
it g i v e s
c o nd it io n s
Lake Na ka -
u ni ･ We ha v e c a r rie d o ut a f ie l d obs e r v atio n o nthe dis tr i butio n
o f c u r r e nt ･ E C a nd D Oalo n g The R iv e r O ha sh i by a bo at s ai lin g a nd
o n the in te r n al o s ci lla tio n Wit h the n e utr al bu oy a t Pt . 09 n e ar
the e a ste r n m o uth of t he riv e r sin ulta n e o u ely ･ The obs e r v atio n hy
bo at s ai l in g had be e n r epe ated fo u r tiztLe S C Or r e SPO ndin g to v a rio u s
ti dal pha s e s.
Of C o u r s e
,
a n o xic w at e r ma s s is rising u p a lo ng the r iv e r bo t t-
o m du rin g e b b ti de pe rio d , bu t the a n o Ei⊂ w at e r with D O le s s tha n
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3rRg/i a ppe a r s o nly u nde r the halo clin e le v el in I･a ke Na ka
u mi du r‾
in g the rising u p pe riod of the le v el s o m e wha t dif fe r e nt fr o m high
ti de p e r iod .
The ho riz o ntal distr i bu tio n of D Oa lo ng the bo t to m i l lu str ate s
tha t D O v alu e s _do n ot de c r e a s e r apidly to
w ard u ps tr e a m d ir e ctio n
a nd this m e a n st ha t the o xyge n c o n su mptio n r ate du rin g
ing s ta ge thr o ugh t he riv e r is n ot s o la rge ･ T he n the
the a no x土c w at e r 土n tr u s土o n into Lake S h土n〕1 s e e m sto be
pa s sin g thr o ugh of the a n o xic w at e r fr o m Lake Na ka u mi
la rge oxyge n c o n s u mptio n alo ng the riv e r c o u r s e･
Co n clu sio n
=n ⊂ o n clu sio n , the fol lo win g po in ts w e r e
sic al e n vir o n m e nts 土n tlr e br a ck ish lake a nd
a r e cha r a ct e riz ed wit,h s tab le str ati f ic atio n
o s ci llatio n .
i) St ab le str ati f ic atio n a nd lo w cir c ula tio n
the c r e ep -
c a u s e of
a dir e ct
witho ut a
m ade cle a r abo ut phy -
the ti dal riv e r whic h
a nd a
,
la r ge in te rn al
s pe ed in
pr o mo te a n o xic sta t e 土n the lo v e rla y e r .
2) 工n t e r n al (⊃s c土1 1a tio n s i ･ e ･ v e rtic al m o v e m e nt s of
Lake Naka u mi a r e c a u s ed m ainly by wind 5 tr e S S a nd
tidal a cti o n . T heir la rg e a mplitude
s tyle c a u s e a la rge s c ale c r e epin g
whole lake c o a st a nd in to T he lモ1v e r
3) D is s olv ed o xyge n c o n s um ptio n r ate
n a s st hr ou gh The R iv e r O ha shi fr o m
is n ot s o la rge a nd a m ain s o u r c e
La ke Shinji i5 a d ir e ct inf lo w of
a nd r ota ting
La ke ¶a ka u m土
halo cl in e 土n
pa rt】.y by
pr opa gatio n
u p of a n o x土c w ate r t o the
O ha sh l.
du rin g the pa s s age of w at e r
Lake Na ka u ni to La ke S h inji
of a n oix W ate r risin g u p in t o
a n o xic W at e r m a s sfr o m La ke
Naka umi .
4) Co u nte r m e a s u r e st o pr e v e nt the sp r e ad o f a n o xic s ta te in br a
-
ck ish lake s an d ti da l riv e r s sho ul dbe pla n n ed o n t he ba sis of
s cie nti f ic stlユd土e s o nm e cha nis m of o c cu rr en ce a nd m o v e m en t of
a n o⊃くic w at e r m a s s e s.
Ac kn o viedgn ent
The m ain pa r t of obs e r v atio n r e s ults 土n this pa p e r is s up plie d
fr o m the jo in t f iel d W o rks be t w e e nO ka ya m a Un iv e r sity of Scie n c e
a nd f ishe rie s e xpe rim e n tal s ta tio n of Shlm a n epr efe ct u r e. a nd the
a utho r giv e s h is tha nks to al l m e mbe r s who s up po rt ed the jo int
f ie l d w o rks .
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(a)
(b)
(c)
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⑳
t. 3
◎
卑t. .
Pt･ K
㊨
Pt.5
＼
⑳
◎ Pt.
2
LJkeSh岬
pt. o3 .
N
告
♂
Lake Naka u rrt(
Pt.09
●
F ig. 1 0 bs e r v atio n points in Lake Naka u ni a nd the O hash iI‡ive r
(a) lap of Lake Naka u 皿i a nd the O ha shi 丑iv e r
(b) O bs e r v atiozldu ring lg95 1 996in Lake 打aka u ni
(c) O bs e r v atio n fr o znAug. 27 to 28, 1996alo ng the O ha sh i liiv e r
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